We herein provide a thorough description of new transgenic mouse models for dentatorubral -pallidoluysian atrophy (DRPLA) harboring a single copy of the full-length human mutant DRPLA gene with 76 and 129 CAG repeats. The Q129 mouse line was unexpectedly obtained by en masse expansion based on the somatic instability of 76 CAG repeats in vivo. The mRNA expression levels of both Q76 and Q129 transgenes were each 80% of that of the endogenous mouse gene, whereas only the Q129 mice exhibited devastating progressive neurological phenotypes similar to those of juvenile-onset DRPLA patients. Electrophysiological studies of the Q129 mice demonstrated age-dependent and region-specific presynaptic dysfunction in the globus pallidus and cerebellum. Progressive shrinkage of distal dendrites of Purkinje cells and decreased currents through a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid and g-aminobutyrate type A receptors in CA1 neurons were also observed. Neuropathological studies of the Q129 mice revealed progressive brain atrophy, but no obvious neuronal loss, associated with massive neuronal intranuclear accumulation (NIA) of mutant proteins with expanded polyglutamine stretches starting on postnatal day 4, whereas NIA in the Q76 mice appeared later with regional specificity to the vulnerable regions of DRPLA. Expression profile analyses demonstrated age-dependent down-regulation of genes, including those relevant to synaptic † Present address: Department of Neuropharmacology, Graduate School of Medicine, Hokkaido University, Kita-ku, Sapporo 060-8638, Japan. ‡ Present address: Academic Neurology Unit, The University of Sheffield Medical School, Beech Hill Road, Sheffield S10 2RX, UK. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ licenses/by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
INTRODUCTION
Dentatorubral-pallidoluysian atrophy (DRPLA; MIM 125370) is a devastating, autosomal-dominant neurodegenerative disease characterized by progressive dementia, cerebellar ataxia, choreoathetosis, myoclonus and epilepsy in various combinations depending on the age at onset (1) . As indicated by the name, autopsied brains show a selective neuronal loss associated with astrocytosis in the dentatorubral and pallidoluysian (DRPL) systems (2) . In 1994, we and another group, focusing on genes containing CAG repeats (3) , found that DRPLA is caused by an unstable expansion of CAG repeats coding for polyglutamine (polyQ) stretches in exon 5 of the DRPLA gene on chromosome 12p13.31 (4, 5) . To date, polyQ expansions have been identified as the pathogenic mutations in nine neurodegenerative diseases including Huntington's disease (HD), spinal and bulbar muscular atrophy, DRPLA and various forms of dominant spinocerebellar ataxias (SCAs) (6) .
The discovery of neuronal intranuclear inclusions (NIIs) not only in brains of transgenic mice (7) but also in autopsied brains with polyQ diseases (8, 9) provided new insight into neuronal nuclei as a potentially important site of pathogenic mechanisms. More importantly, we demonstrated that a diffuse accumulation of a mutant DRPLA protein (atrophin-1) in the neuronal nuclei of autopsied brains, rather than the formation of NIIs, is the predominant pathologic condition involving a wide range of central nervous system (CNS) regions far beyond the vulnerable DRPL systems (10) . To further emphasize the involvement of nuclear dysfunction in polyQ diseases, we have demonstrated that expanded polyQ stretches bind to TATA-binding protein (TBP)-associated factors (TAF II 130) and cAMP response element-binding protein (CREB)-binding protein (CBP), which are components of transcriptional regulators (11, 12) . Taken together, these findings strongly suggest that essential pathogenetic processes occur in neuronal nuclei. The molecular mechanisms of neurodegeneration, however, remain to be elucidated.
To investigate these molecular mechanisms, studies on animal models precisely replicating all the processes in the human brain would be indispensable. For high-quality animal models, the expression of a full-length mutant gene under the control of its own promoter is preferable to those expressing truncated mutant proteins or under the control of potent heterologous promoters. To meet these requirements, we have generated transgenic mice harboring a single copy of the full-length human mutant DRPLA gene containing 76 CAG repeats (13) . These Q76 mice did not exhibit obvious neurological phenotypes. During intensive breeding of Q76 mice, however, we unexpectedly found a mosaic mouse harboring largely expanded CAG repeats (Q129), in addition to the 76 repeats from progenitor mice, which bred transgenic offspring carrying 129 CAG repeats exhibiting distinct behavioral abnormalities. The Q129 mice showed severe neurological phenotypes with progressive brain atrophy and premature death. Some neuropathological findings of the Q129 mice at 14 weeks of age focusing on morphometric analysis have recently been reported, which demonstrate atrophy of the perikarya and dendrites, and a decrease in the number and size of the spines without any obvious neuronal loss (14) . We herein report a thorough characterization of the phenotypes of Q129 mice, including electrophysiological abnormalities, neuropathological findings focusing on agedependent neuronal intranuclear accumulation (NIA) of mutant DRPLA proteins and nuclear dysfunction assessed by expression profiling. As shown here, Q129 mice harboring a single copy of the full-length DRPLA gene have many advantages over the previous Q76 mice, and should serve as excellent models for exploring the molecular mechanisms of CAG repeat instability, disease pathogenesis and, furthermore, therapeutic intervention for polyQ diseases.
RESULTS

En masse expansion of CAG repeats occurred via somatic instability in a Q76 mouse
We previously established three transgenic lines, which were generated by the transfer of a cosmid genomic clone containing the full-length human mutant DRPLA gene with 78 CAG repeats (13) . Although the mice showed intergenerational instabilities of CAG repeats similar to those observed in DRPLA patients, no obvious abnormal phenotypes were detected. To investigate intergenerational instabilities, we continued our extensive breeding of the Drm21 line carrying the 76 CAG repeats (Q76 mice). During the process, we unexpectedly noticed one male mouse (EF121) carrying both 76 and 129 CAG repeats among over 2000 hemizygous mice [ Fig. 1A , Mosaic (Q129-76)]. After the birth of the EF121 mouse, the male parent of the EF121 mouse bred only Q76 or non-transgenic (non-TG) mice (n ¼ 66 and 54, respectively). On the other hand, the highly expanded 129 CAG repeats, of which sequence was uninterrupted (unpublished data), were transmitted from the EF121 mouse to certain offspring exhibiting behavioral abnormalities (Q129 mice). These results suggest that the EF121 mouse is a mosaic with respect to the length of CAG repeats of the transgene and that the 129 CAG repeats were presumably generated by the en masse expansion of the 76 CAG repeats at the early embryonic stage.
Although the EF121 mosaic mouse was smaller than the Q76 mice and exhibited a slightly ataxic phenotype with age, the mouse was able to continue to breed and sired 528 mice by 122 weeks of age. The percentages of transgenic offspring of Q129, Q76 and non-TG mice bred from the EF121 mosaic mouse were 19% (n ¼ 98), 32% (n ¼ 170) and 49% (n ¼ 260), respectively. Because one-half of the offspring were non-TG mice, the EF121 mosaic mouse was considered to be a hemizygote. Furthermore, the segregation ratios of 19 and 32% suggested that the en masse expansion of the CAG repeats had occurred either at the two-cell or four-cell stage. The Q129 mice were established by in vitro fertilization because of their decreased fertility. The fertilizing ability of spermatozoa from the Q129 mice was comparable to that of the wild-type mice, suggesting that the reduced fertility is due to behavioral abnormalities.
Phenotypes of Q129 mice are similar to those of juvenile-onset DRPLA patients
The onset of symptoms was as early as 3 weeks of age, at which the Q129 mice began to show myoclonic movements and mild ataxia (Fig. 1C) . When held by the tail, the myoclonic movements were more evident with limbs outstretched. The clasping of hindlimbs was hardly observed. The myoclonic movements and ataxia rapidly progressed, and epilepsy was observed at around 11 weeks. Initially, epilepsy was induced by tactile stimuli and at the later stage, it occurred spontaneously, even in their home cages. The rapid progression of the disease phenotype was followed by premature death, and all the Q129 mice died by 16 weeks ( Fig. 1B and C ; Supplementary Material, Videos S1 and S2, ataxia and epilepsy, respectively). The severe neurological phenotypes observed in the Q129 mice, namely myoclonus and epilepsy, were quite similar to those observed in juvenile-onset DRPLA patients with onset before the age of 20 (1, 15) . These phenotypes are in striking contrast to those of the Q76 mice that do not show any obvious neurological phenotypes. The brain weight was less than that of the Q76 or non-TG mice at 4 weeks of age, even at a time when body weight did not change. Along with the disease progression, the brain weight of the Q129 mice further decreased after 6 weeks of age prior to the decrease in body weight ( Fig. 1D ; Supplementary Material, Tables S1 and S2). The examination of brain cross-sections further demonstrated the age-dependent decrease in the brain size of the Q129 mice at 4, 6 and 14 weeks of age (Fig. 1E ). In addition, the Q129 mice became polyuric around 5 weeks of age, a phenomenon that was not observed in the Q76 mice. Detailed analyses of water balance were conducted at 8 weeks of age. The Q129 mice showed increased urine volume, water intake and serum osmolality, and reduced urine osmolality (Fig. 1F) . Furthermore, we found a drastic reduction in the plasma vasopressin (anti-diuretic hormone) level, confirming that the Q129 mice suffered from central diabetes insipidus.
Dysfunction of pallidal and cerebellar neurons correlates with disease manifestations and progression
We first conducted electrophysiological studies of the globus pallidus (GP) and cerebellum, because these structures are highly associated with neuropathological changes in DRPLA. Using the Q129 and non-TG mice at 4 -5 weeks of age, we performed whole-cell recordings from pallidal neurons. Excitatory (EPSCs) and inhibitory postsynaptic currents (IPSCs) were evoked by activating the sub-thalamopallidal and striatopallidal pathways, respectively. We did not detect any significant differences in input-output (I-O) relationships (Fig. 2Aa) . In addition, current -voltage (I-V) relationships and the amplitudes of both N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) components of EPSCs were not significantly different (unpublished data). In contrast, the paired pulse facilitation (PPF) of EPSCs and IPSCs was clearly converted to paired pulse depression (PPD) in the Q129 mice ( Fig. 2Ab and Ac), suggesting presynaptic dysfunction in GP of the Q129 mice at 4 -5 weeks of age. For electrophysiological studies of the cerebellum, we conducted whole-cell recordings from medium to large neurons in the fastigial nucleus (FN) obtained from young asymptomatic mice aged 8-13 days. IPSCs evoked by stimulating putative Purkinje cell (PC) axons displayed PPD in both non-TG and Q129 mice (Fig. 2B ). There was no significant difference in the extent of PPD. Thus, on postnatal days 8-13 before the manifestation of ataxia, transmission from PCs to neurons in FN (one of the deep cerebellar nuclei) in the Q129 mice was apparently normal. Further studies of neurons in the GP and FN at later stages could not be performed because of the limited time window suitable for such electrophysiological analyses.
To investigate age-dependent changes in the cerebellum, we next compared the electrophysiological properties of PCs at 4 and 12 weeks of age. The passive membrane properties of PCs were calculated by recording membrane currents in response to hyperpolarizing voltage steps, as described previously (16) . We found that the C2 of the Q129 mice, representing the lumped membrane capacitance of the PC's dendritic tree, was significantly smaller than that of the non-TG mice at 12 weeks of age (P , 0.01), whereas no significant changes were observed at 4 weeks of age (Table 1 ). In addition, R3 of the Q129 mice, representing the lumped resistance of the PC's dendritic tree, tended to be greater than that of the non-TG mice at 12 weeks of age. These results suggest that the PC's dendritic trees of the Q129 mice markedly shrank in a time-dependent manner.
We then examined whether excitatory synaptic transmission to PCs is altered in the Q129 mice. We recorded EPSCs from PCs by stimulating climbing fibers (CFs: axons of inferior olivary neurons) or parallel fibers (PFs: axons of granule cells). We first confirmed that the number of CFs innervating a PC was not significantly different between the non-TG and Q129 mice at 4 or 12 weeks of age (unpublished data). As for the kinetics of CF-EPSCs, the rise time or amplitude was not significantly altered in the Q129 mice except for a slight decrease in the decay time constant in the Q129 mice at 4 and 12 weeks of age (Table 1 ). At 4 weeks of age, there was no significant difference in the extent of PPD of CF-EPSC or PPF of PF-EPSC ( Fig. 2Ca and Da). At 12 weeks of age, however, paired pulse ratios (PPRs) for CF-EPSC and PF-EPSC in the Q129 mice were significantly smaller than those in the non-TG mice at interpulse intervals of 50-1500 ms and those at intervals of shorter than 50 ms, respectively ( Fig. 2Cb and Db).
Dysfunction of synaptic transmission in hippocampal CA1 pyramidal cells
Although the hippocampus is not a severely affected region in DRPLA, NIA of mutant DRPLA proteins was observed in juvenile-onset DRPLA patients (10) , and also confirmed in figure. (Aa -Ac) Whole-cell recordings from pallidal neurons of the Q129 and non-TG mice at 4-5 weeks of age. I-O relationship for EPSC (Aa), PPRs for EPSC (Ab) and IPSC (Ac) in GP. EPSCs and IPSCs were evoked by stimulating the sub-thalamopallidal and striatopallidal pathways, respectively, at 0.1 Hz with a bipolar tungsten electrode (100-500 ms, 100-800 mA). IPSCs were recorded at a holding potential of 210 mV in the presence of CNQX and D-AP5. EPSCs of the Q129 mice (n ¼ 14) tended to be smaller than those of the non-TG mice (n ¼ 21), which showed no statistically significant difference (Aa). PPRs for EPSC (Ab) and IPSC (Ac) in the Q129 mice (n ¼ 12 and 11, respectively) decreased as compared with those of the non-TG mice (n ¼ 22 and 15, respectively), resulting in the conversion of PPF to PPD in the Q129 mice at 4-5 weeks of age. (B) PPR for IPSC in FN on postnatal days 8-13. IPSCs were evoked by stimulating bundles of putative PC axons. There was no significant difference between the Q129 mice (n ¼ 12) and the non-TG mice (n ¼ 30). (Ca -Db) Agedependent changes in PPRs for CF-EPSCs and PF-EPSCs. CF-EPSCs were recorded from PCs at 4 (Ca) and 12 weeks (Cb) of age in the Q129 (n ¼ 19 and 27, respectively) and non-TG mice (n ¼ 20 and 30, respectively). PF-EPSCs were recorded from PCs at 4 (Da) and 12 weeks (Db) of age in the Q129 (n ¼ 14 and 27, respectively) and non-TG mice (n ¼ 22 and 28, respectively). For focal stimulation in the cerebellar slices, we used a bipolar tungsten electrode (for PC axons) and glass pipettes (5 -10-mm tip diameter) filled with standard saline (for CFs and PFs), and applied square pulses (duration, 100 ms; amplitude, 0-90 V) at 0.5 Hz. Bundles of putative PC axons were stimulated in the white matter 100-200 mm away from the FN. CFs were stimulated in the granule cell layer 50-100 mm away from the PC soma. PFs were stimulated in the middle of the molecular layer. Each value indicates mean+S.E.M. Unpaired t-test, Ã P , 0.05, ÃÃ P , 0.01. Note that the abscissas of B-Db are shown in the logarithmic scale. Q76 (Table 2 ) and Q129 mice (14) , indicating that the hippocampus may well be involved in the pathological processes of DRPLA. To evaluate the electrophysiological properties of hippocampal CA1 pyramidal cells, we first analyzed basal synaptic transmission by applying electrical stimuli of increasing intensity to the Schaffer collateral/commissural pathway using Q129 and non-TG mice at 12-15 weeks of age. The extracellular recordings showed that the field excitatory postsynaptic potential (fEPSP) slopes of the Q129 mice were significantly smaller than those of the non-TG mice at 12-15 weeks of age (Fig. 3A) . A significantly enhanced PPF was also observed in the Q129 mice ( Fig. 3B at 100 ms, P ¼ 0.024; at 150 ms, P ¼ 0.002), suggesting presynaptic dysfunction.
In the whole-cell recordings from CA1 neurons, the ratio of NMDA/AMPA currents in the Q129 mice was significantly larger than that in the non-TG mice, despite the observation that I-V relationships of AMPA, NMDA and g-aminobutyrate type A (GABA A ) currents were unchanged (unpublished data). To further investigate the mechanisms underlying the increased ratio of NMDA/AMPA currents, we compared responses to the agonists of AMPA, NMDA and GABA A receptors. AMPA-induced inward currents were significantly smaller in the Q129 mice than in the non-TG mice across the five concentrations tested (Fig. 3Ea) , whereas there were no significant changes in NMDA-induced inward currents (Fig. 3Eb ). Similar to AMPA currents, GABA A -induced outward currents were significantly smaller in the Q129 mice than in the non-TG mice at elevated muscimol concentrations (Fig. 3Ec) .
We next analyzed the long-term potentiation (LTP) of fEPSPs in the hippocampal CA1 region. LTP induced by one train of tetanic stimulation lasted for more than 4 h in the non-TG mice, whereas it subsided within 2 h in the Q129 mice (Fig. 3C ). The average fEPSP slope within a time window of 120-180 min after tetanus in the Q129 mice was 98.7 + 9.3%, which was significantly lower than that in the non-TG mice (132.8 + 4.5%, P ¼ 0.004). In contrast, four trains of tetanic stimulation induced late-phase LTP in both genotypes to the same extent (Fig. 3D ).
Age-and expanded-polyQ-length-dependent NIA of mutant DRPLA proteins
In accordance with our previous findings in the Q129 mice at 14 weeks of age (14), an age-dependent decrease in the brain size of the Q129 mice was evident (Fig. 1E ), but neuronal loss or astrocytosis was not evident despite the progressive brain atrophy (Fig. 4) . In hematoxylin-and eosin-stained preparations, small eosinophilic intranuclear inclusions were detectable in some neurons of restricted CNS regions of the Q129 mice after 12 weeks of age (unpublished data). In immunohistochemical analysis using anti-ubiquitin antibodies, they were easily detected after 9 weeks of age as ubiquitinated NIIs in multiple CNS regions such as the cerebral cortex, GP, subthalamic nucleus (luysian body), brainstem tegmentum and deep cerebellar nuclei (Fig. 1C) . It should be noted, however, that NIIs were formed much later than the onset of neurological phenotypes, suggesting that the disease phenotypes do not arise from the formation of NIIs. In contrast to the Q129 mice, we did not detect any evidence of NIIs in the brain of Q76 mice even at 122 weeks of age (unpublished data).
To find age-dependent changes focusing on the regional distribution of NIA, we performed immunohistochemical analyses of the Q76 and Q129 mice at various weeks of age using highly diluted 1C2 (1:16 000). At this dilution, no background immunoreactivities were detected in the brain of the non-TG mice, confirming that 1C2 immunoreactivity is specific to the expanded polyQ stretches of mutant proteins (Fig. 4A, right panels) (10) . In contrast to the non-TG mice, 1C2 immunoreactivity was clearly evident as a diffuse nuclear labeling of neurons in the 4-week-old brain of the Q129 mice (Fig. 4A , middle panels). The nuclear labeling, namely NIA, was strong and extended to most of the CNS regions including the brainstem, spinal cord and the regions evaluated for the above-mentioned electrophysiological properties. It should be noted that NIA, which was observed at 4 weeks of age in the Q129 mice, occurred much earlier than the appearance of NIIs after approximately 9 weeks of age. To determine when NIA becomes apparent, we further analyzed the Q129 mice on embryonic and postnatal days. NIA was not observed in the brain of Q129 mice on postnatal day 1 (P1), but became detectable on P4, confirming agedependent NIA of mutant DRPLA proteins (Fig. 4B) . Interestingly, NIA was also observed in the Q76 mouse brain despite the Q76 mice not showing any obvious neurological phenotypes. In contrast to the Q129 mice, the intensity of NIA was weak in the brains of Q76 mice, but increased with age (Fig. 4A, left panels) . The regional distribution of NIA in the Q76 mice was analyzed semiquantitatively (Table 2) . NIA was first detectable at 4 weeks of age in limited CNS regions, such as the cerebellar nuclei, red nucleus, GP, subthalamic nucleus and a few other regions including the cerebral cortex of the Q76 mice. It is noteworthy that the former four regions are the sites known to be the most vulnerable to DRPLA (1, 2) . Furthermore, the distribution of NIA in the brains of Q76 mice at 14 weeks of age became similar to that of NIIs in the brains of Q129 mice.
Since 1C2 immunoreactivity varies depending on the length of polyQ stretches, immunohistochemical analyses with 1C2 may produce some bias in terms of accumulation of mutant DRPLA proteins with different lengths of expanded polyQ stretches. We further conducted immunohistochemical analyses using APG840 raised against residues 425-439 of the DRPLA protein (10) that correspond to the upstream region of the polyQ stretches. In contrast to 1C2, APG840 recognized not only human mutant DRPLA proteins, but also endogenous mouse wild-type DRPLA proteins (Fig. 4C) . Although background nuclear staining was observed in the non-TG mice as APG840 recognized mouse DRPLA protein, strong nuclear staining was observed in the Q129 mice at as early as 4 weeks of age. In the Q76 mice, mild but increased staining was observed at 14 weeks compared with that at 4 weeks. These findings further confirm polyQ-length-dependent and age-dependent intranuclear accumulation of mutant DRPLA proteins.
Massive accumulation of mutant DRPLA proteins in Q129 mouse brain
First, we performed quantitative analyses of the mRNA expression levels of the human DRPLA transgene and endogenous mouse DRPLA gene in the brains of the Q76 and Q129 mice at 8 weeks of age by competitive reverse transcription -polymerase chain reaction (RT-PCR) (Fig. 5A) . After confirming the validity of the quantitative analysis by PCR, the mRNA expression levels of the transgenes of the Q129 and Q76 mice were determined to be 80% of the mouse endogenous level.
Western blot analysis was performed using three antibodies: C580 (17; a polyclonal antibody against the carboxyl terminus of the DRPLA protein), AP142 (18; a polyclonal antibody against residues 425 -439) and 1C2 (specifically recognizes expanded polyQ stretches). In the total homogenates of the mouse brain, two bands corresponding to the full-length mouse endogenous DRPLA protein (200 kDa) and transgenederived DRPLA proteins (210 and 220 kDa in Q76 and Q129, respectively) were detected using C580, whereas only the lower band corresponding to the full-length mouse DRPLA protein was observed for the non-TG mice (Fig. 5B) . In addition to the 200-kDa band, a 100-kDa band was detected in human autopsied control brain, consistent with previous observations on human DRPLA brains employing C580 (17) . The intensities of the bands of the full-length DRPLA proteins of Q129 were much weaker than those corresponding 
At 4 weeks of age, nuclear labeling was detected not only in the DRPL systems, but also in some brain regions including the cerebral cortex and brainstem nuclei. Thereafter, the number and intensity of labeled neurons increased gradually throughout the brain with a specific distribution pattern.
Percentage of labeled neurons: 2, none; þ, ,30%; þþ, 30-70%; þþþ, .70%.
to the mouse endogenous DRPLA proteins or those of Q76, which may reflect the highly aggregatable nature of mutant DRPLA proteins with highly expanded polyQ stretches that may be resistant to extraction or solubilization procedures. Although the reason why the intensities of full-length mutant proteins decreased in the Q129 mice was unclear, a similar observation was described for SCA1 154Q/2Q mice (19) . The intensities of the bands detected by C580 were similar throughout the time course of 4, 8 and 12 weeks of age.
To further analyze the proteins accumulating in the nucleus, we prepared nuclear fractions employing the sucrose gradient centrifugation procedure as previously described (20) from the brains of Q129, Q76 and non-TG littermates at 12 weeks of age, and performed western blot analysis using AP142 that recognizes the segment upstream of polyQ stretches. A massive amount of smear migrating between the stacking gel and the band corresponding to the full-length mutant protein was observed for the Q129 mice, in addition to human fulllength and truncated bands as well as the mouse endogenous band (Fig. 5C ). The truncated proteins were also recognized by 1C2 (unpublished data) and thus specific for mutant DRPLA proteins as described previously (20) . The smear was far more intense for the Q129 mice than for the Q76 mice, confirming the polyQ-length-dependent nuclear accumulation of the mutant proteins with expanded polyQ stretches. The smearing pattern was also observed in AT-FL-65Q-150 mice ( Fig. 5C ; lane 1) as previously described. AT-FL-65Q-150 mice are transgenic mice carrying full-length DRPLA cDNA under the control of the prion promoter and expressing higher levels of the transgene than the Q129 mice (20) . Although the intensities of the truncated bands and the smears were considerably different between Q129 and AT-FL-65Q-150, this may reflect the higher expression levels of mutant DRPLA proteins in AT-FL-65Q-150 and regional differences in expression depending on the promoter driving the transgenes (Q129: own promoter of DRPLA gene; ATFL-65Q: prion promoter). The difference in the western blotting patterns detected by AP142 and C580 raises many possibilities, including that a fraction of accumulated mutant DRPLA proteins in the nucleus are truncated at the carboxy terminus. This possibility should be thoroughly investigated employing sensitive procedures including additional antibodies.
Transcriptional down-regulation becomes prominent in an age-dependent manner As described above, the most fundamental pathological change was the age-and expanded-polyQ-length-dependent NIA of mutant proteins without any obvious neuronal loss, raising the possibility that such an NIA of mutant proteins leads to neuronal dysfunction including synaptic transmissions through transcriptional dysregulations. Thus, we analyzed expression profiles (11 000 genes) in the brains of the Q129 and non-TG littermates at 4 and 12 weeks of age using GeneChip Mu11K oligonucleotide microarrays (Affymetrix, Santa Clara, CA). To determine how gene expressions are affected as a function of disease duration, we selected dysregulated genes at each age using one-way analysis of variance (ANOVA) with error-weighting. On the basis of our criteria described in Materials and Methods, we detected 54 and 92 AMPA-induced inward current (Ea) was recorded at a holding potential of 260 mV in the presence of 0.1 mM cyclothiazide, which prevents the rapid desensitization of AMPA receptors and 0.5 mM TTX. NMDA-induced inward current (Eb) was recorded at a holding potential of 240 mV in the presence of 20 mM glycine and 0.5 mM TTX in Mg 2þ -free ACSF. Muscimol-induced outward current (Ec) was recorded at a holding potential of 0 mV. Drug exposure time was 1 min throughout the experiments. The flow rate was 2 -3 ml/min. Each value indicates mean+S.E.M. Unpaired t-test, Ã P , 0.05, ÃÃ P , 0.01.
down-regulated probe sets, as well as 38 and 20 up-regulated sets at 4 and 12 weeks of age, respectively. The number of down-regulated genes tended to increase with age. We next searched for genes showing age-dependent changes in the levels of expression determined by the two-way ANOVA. We found 46 down-regulated genes (corresponding to 48 probe sets on the microarrays) and 26 up-regulated genes. Interestingly, many of the down-regulated genes were categorized mainly into specific functional molecules, such as neuropeptides, transcriptional factors and signaling molecules (Fig. 6) . Although all of the down-regulated genes showed further decreases in expression level with age, the degrees of decrease were different and a limited number of the genes, mainly categorized into neuropeptides, showed a marked decrease (fold change ,21.5) at 4 weeks of age. To determine the relevance of the down-regulated genes to CREB-dependent transcriptional dysregulation, we examined whether these down-regulated genes are candidates for CREB target genes (21, 22) . We found that 21 of the 46 (46%) down-regulated genes and 17 of the 28 (61%) strongly down-regulated genes (fold change ,21.5; shown in blue in Fig. 6 ) have cAMP response element (CRE) sites that are conserved between human and rodent orthologs. Among the down-regulated genes, we further confirmed decreased protein levels of arginine vasopressin (Fig. 1F ) and kalirin (see Supplementary Material, Fig. S1 ).
DISCUSSION
Q129 mice as a model to understand the mechanisms of en masse expansion or contraction of CAG repeats
We established the Q129 DRPLA transgenic mice by utilizing a unique phenomenon, en masse expansion of CAG repeats. Immunohistochemical analysis of cerebral cortices of the Q76, Q129 and non-TG mice was performed using 1C2. The upper panels show the entire cerebral cortices and the lower panels show cortical layer III. In the Q129 mice (middle panels), the decrease in cortical size was already evident at 4 weeks of age and the cerebral cortex progressively atrophied with age. Neuronal nuclei in all the cortical layers showed intense labeling of expanded polyQ stretches and became gradually packed with age. Age-dependent nuclear atrophy and deformity were also observed (lower panels). There was no obvious neuronal loss in the Q129 mouse brain. In the Q76 mice (left panels), there was no obvious decrease in cortical size. In the lower panels, a gradual increase in the number of neuronal nuclei labeled by 1C2 was observed. Such nuclear labeling became evident particularly in the cortical layers IV and VI. Scale bar ¼ 100 mm for upper panels and 20 mm for lower panels. (B) Immunohistochemical analysis of cerebral cortical layer VI and GP of the Q129 mice using 1C2 revealed faint NIA on P4, but not on P1. Scale bar¼20 mm. (C) Immunohistochemical analysis of cerebral cortical layer III using APG840, an anti-DRPLA protein (atrophin-1) antibody, also revealed polyQ-length-dependent and age-dependent intranuclear accumulation of mutant DRPLA proteins. Scale bar ¼ 20 mm.
This is the first report of a polyQ model generated by en masse expansion. We previously showed age-dependent changes in expanded CAG repeats in somatic tissues as well as intergenerational instabilities of expanded CAG repeats (13) . The mechanism of instability has been assumed to be cumulative accumulation of short repeat changes with age, typically one-repeat additions or subtractions. In contrast, en masse expansion (Fig. 1A, lane 1) or contraction (Fig. 1A, lane 2) is quite different in terms of the frequency and length of repeat changes. The large intergenerational increase in the CAG repeats to expanded alleles from the intermediate alleles has been observed in a small number of HD or SCA7 patients, and is called the de novo expansion (23 -25) . This phenomenon may be similar to the en masse expansion observed in this study. Based on these observations, there seem to be two discrete mechanisms of CAG repeat instability: cumulative accumulation of short repeat changes with age and en masse changes occurring spontaneously, but infrequently. Because the mosaic mice were hemizygous, inter-allelic recombination mechanisms are unlikely to be involved. We previously reported a patient with en masse expansion of impure CAG repeats in the TBP gene. In this case, inter-allelic recombination events were excluded on the basis of haplotype analysis (26) . These intriguing observations suggest that simple intra-allelic rearrangements are involved in the CAG repeat instabilities associated with en masse expansions or contractions, which have also been suggested to be involved in somatic instability of minisatellites (27) . Taking advantage of the instability of the 129 CAG repeats, we have recently obtained transgenic models carrying 113 or 96 CAG repeats with moderately severe neurological phenotypes (unpublished observation). Thus, transgenic models carrying single copy genes within a full-length genomic context may serve to produce those with variable lengths of expanded CAG repeats.
Q129 mice as an excellent model to understand disease pathogenesis of DRPLA
The Q129 and Q76 mice should be highly valuable for investigating expanded-polyQ-length-dependent effects, because the only difference between the Q129 and Q76 mice is the length of expanded CAG repeats within an identical integration site. The severe neurological phenotypes of the Q129 mice are quite similar to those observed in juvenile-onset DRPLA patients. It should be noted, however, that the phenotypes of Q129 mice were distinct from previously generated mouse models of polyQ diseases. The Q129 mice showed myoclonus, epilepsy and progressive brain atrophy, which are the predominant clinical presentations in DRPLA patients. In contrast, feet clasping observed in R6/2 mice, SCA1 knock-in mice and DRPLA cDNA mice of AT-FL-65Q-150 (19, 20, 28) was absent in the Q129 mice. Electrophysiological abnormalities have been shown to vary considerably among polyQ models, even among HD yeast artificial chromosome transgenic, HD knock-in and R6/2 mice (29 -31), suggesting that the synaptic dysfunctions underlying the distinct phenotypes are dependent on the promoters, copy numbers and the contexts of transgenes. Thus, the Q129 mice harboring a single copy of the full-length human DRPLA gene under the control of its own promoter should be highly valuable for investigating the molecular pathogenesis of DRPLA.
NIA of mutant DRPLA proteins is the essential pathophysiologic process
The regional distribution of NIA, particularly that of Q76 mice, is prominent in DRPL systems, the most vulnerable regions in DRPLA patients (1) . We have also observed a similar regional distribution of NIA in human autopsied brains (10) . In contrast to the Q76 mice, a massive NIA of mutant DRPLA proteins Considering that the length of the homo-serine stretch in the human DRPLA gene is 9 bp longer than that in the mouse DRPLA gene, we amplified a segment of DRPLA genomic DNA or cDNAs using flanking primers that completely match both the human and mouse genomic sequences. The validity of the quantitative analysis was confirmed by gene dosage analysis of human mutant transgenes when compared with endogenous mouse DRPLA genes. The expression levels of human DRPLA gene-derived mRNAs of Q129 and Q76 were determined for each to be 80% of the endogenous mouse DRPLA mRNA level.
(B) Western blot analysis of total brain homogenates employing C580 revealed two bands corresponding to mouse endogenous (arrowheads) and transgene derived DRPLA proteins in the Q76 or Q129 mice. The lane for human control brain carrying 13 and 9 CAG repeats (lane 1) showed a weak band corresponding to the full-length human DRPLA protein. The intensities of the full-length protein in autopsied brains have been shown to be variable, possibly due to the intrinsic instability of the DRPLA protein, and the identity of the 100-kDa band detected by C580 remains unknown as previously described (17) . (C) Western blot analysis of nuclear fractions using AP142 showed smears migrating between the stacking gel and the full-length bands. The smaller bands, possibly truncated, with polyQ-length-dependent mobility shifts were observed in Q129 and Q76. As a comparison, other DRPLA transgenic mouse models (20; AT-FL-26Q-84 and AT-FL-65Q-150 at 7.5 months of age) were also analyzed. In the lane for AT-FL-65Q mice, a massive amount of smears as well as truncated proteins with a faster mobility than those in the lane for Q129 mice were observed.
occurred throughout the Q129 mouse brain. It is noteworthy that NIA was not present on P1 even in the Q129 mice, but was the earliest change among any other abnormalities including neurological phenotypes and electrophysiological abnormalities. It should also be mentioned that the distribution of NIA far exceeded the DRPL systems. This may provide an explanation as to the controversial issue that the neuronal loss involving DRPL systems alone cannot account for the broad clinical manifestations of DRPLA. In particular, massive NIA observed in the cerebral cortex may account for the development of dementia, myoclonus and epilepsy. Taken together, these observations strongly suggest that NIA plays essential roles in the pathogenesis of DRPLA. The mechanisms underlying the regional specificity of NIA of mutant DRPLA proteins, however, remain to be elucidated. Interestingly, NIA of mutant DRPLA proteins appeared after P4 even in the Q129 mice, whereas the transcript is abundantly expressed as early as embryonic day 5 and thereafter (32) . Figure 6 . Expression profiles in brains of the Q129 mice compared with those in the non-TG littermates. The fold changes of the genes in the Q129 mice (n ¼ 3) compared with those in the non-TG mice (n ¼ 3) and the intensities in the Q129 mice at 4 or 12 weeks of age are summarized, which were calculated with the Rosetta Resolver (Ratio Experiment) using the Affymetrix-Default Ratio Builder. Fold changes are shown as columns of blue, light blue, yellow and pink indicating fold changes of ,22.0, 21.5, 21.2 and others, respectively. Filled circles: CREB targets described by Mayr and Montminy (21) . Filled triangles: putative CREB targets classified as conserved CRE (22) . Genes of neuropeptides in the Q129 mice, including vasopressin, oxytocin, somatostatin and neuropeptide Y, were strongly down-regulated even at 4 weeks of age. The latest description of each gene was obtained from the Probe Set at the NetAffx Analysis Center (www.affymetrix.com).
The postmitotic nature of neurons may underlie the agedependent NIA of mutant DRPLA proteins starting on P4. Although further analysis is required, we speculate that regional differences in the synthesis, processing and subcellular localizations of mutant DRPLA proteins (33 -35) play key roles in the region-specific distribution of NIA.
Neuronal dysfunction without neuronal loss is essential in DRPLA pathogenesis Intriguingly, we have not observed any neuronal loss in the brains of the Q129 mice despite the progressive brain atrophy and severe neurological phenotypes. Indeed, the electrophysiological analyses demonstrated age-dependent and regionspecific synaptic dysfunction along with disease progression. We demonstrated presynaptic dysfunction (altered PPRs) in PCs and pallidal neurons, and postsynaptic dysfunction (shrinkage of distal dendrites of PCs and decreased currents through AMPA and GABA A receptors in CA1 neurons). These observations strongly argue for the concept of 'neuronal dysfunction without neuronal death'. Our recent morphometric studies demonstrated marked reductions in the number and size of spines, further supporting synaptic dysfunction (14) .
The concept of neuronal dysfunction without neuronal death is apparently contradictory to the neuropathological finding that neuronal loss confined to DRPL systems is the hallmark of DRPLA. As discussed above, neurological phenotypes presumably reflect neuronal dysfunction as a result of NIA, and neuronal loss may well be the latest event observed in advanced stages. Supporting this concept, juvenile-onset DRPLA patients initially do not show markedly atrophic changes in the cerebellum in magnetic resonance imaging, in contrast to markedly atrophic changes observed in late-adult-onset DRPLA patients (36) .
Transcriptional dysregulations and neuronal dysfunction
In this study, we have identified genes that are down-regulated in an age-dependent manner, including those coding for neuropeptides, transcriptional factors and signaling molecules. Because of the functional relevance and strong down-regulation even at 4 weeks of age, kalirin is of particular interest, which is a multifunctional Rho guanine nucleotide exchange factor, also known as the huntingtin-associated protein interacting protein (37) . The age-dependent decrease in the expression level of kalirin in the Q129 mouse brain was further confirmed by western blot analysis (Supplementary Material, Fig. S1 ). It has been demonstrated that the down-regulation of kalirin results in reduced linear spine density and the elimination of presynaptic endings in CA1 hippocampal neurons (38) . Because the reduction in spine density is the most striking change in our morphometric analysis of Q129 mice (14) , the down-regulation of kalirin might be directly involved in synaptic dysfunction. Although the functional relevance was not discussed, the downregulation of kalirin was also observed in R6/2 mice (39; described as the expression sequence tag AA673405).
In the category of neuropeptides, arginine vasopressin showed the most striking down-regulation, which is consistent with the phenotype of central diabetes insipidus. Although clinically apparent endocrinological dysfunction has not been described in DRPLA patients, detailed investigations should be carried out on DRPLA patients, particularly on those with juvenile-onset DRPLA and highly expanded CAG repeats. Given the behavioral abnormalities observed in mice with their neuropeptides knocked out, including somatostatin (MGI:98326, impairment in motor learning) and neuropeptide Y (MGI:97374, seizure), the down-regulation of these neuropeptides may also contribute in part to the behavioral abnormalities of the Q129 mice. Dbp (MGI:2183196), Fos (MGI:95574) or excitatory amino acid transporter 2 (Slc1a2, MGI:101931) knock-out mice show seizures, suggesting that the down-regulation of these genes may also contribute to the neurological phenotypes of Q129 mice.
As shown in Figure 6 , 46% of down-regulated and 61% of strongly down-regulated genes (fold change ,21.5) have CRE sites. These observations support our previous finding that CREB-dependent transcriptional activation is strongly suppressed by expanded polyQ stretches in cellular models (11, 12, 40) . A role for CREB-mediated signaling in neurodegeneration has been provided by Mantamadiotis et al. (41) , as determined using conditional CREB knock-out mice. They described that mice lacking both CREB and cAMP response element modulator protein (CREM) in the postnatal forebrain showed progressive neurodegeneration of the striatum and hippocampus after 1.5 months, and a neurological phenotype after 6 months, supporting the hypothesis that disruption of CREB-dependent transcription plays an essential role in neurodegeneration in polyQ diseases through transcriptional dysregulations. Although we focused on CREB-dependent transcription, it has recently been reported that expanded polyQ stretches disrupt the structures of TAF II D and TAF II F of the basal transcriptional apparatus (42) . Thus, the down-regulation of genes may involve multiple mechanisms in addition to the down-regulation of CREB target genes; further investigations on the mechanisms underlying transcriptional dysregulations caused by expanded polyQ stretches should be carried out.
We should emphasize the concept of neuronal dysfunction without neuronal death as the essential pathophysiologic mechanism underlying polyQ diseases, which are associated with transcriptional dysregulations. This concept is further supported by a previous study that demonstrated the reversible recovery of phenotypic presentations in an HD mouse model after the shut-off of the expression of truncated mutant huntingtin (43) . A recent report of deficits in experiencedependent cortical plasticity in presymptomatic HD mice (44) further strengthens this concept. This concept strongly emphasizes a wider time interval for therapeutic interventions. Because our Q129 mice closely replicate pathophysiologic processes in the human brain, as supported by the insertion of a single copy gene with its own promoter, the Q129 mice should be an ideal model for exploring possibilities for therapeutic interventions aimed at polyQ diseases.
MATERIALS AND METHODS
Generation and background of Q129 mice Q76 transgenic mice were previously established in N1 progenies (Drm21 line) with agouti coat color that were generated from a CCE ES clone (13) . Q76 mice were backcrossed to C57BL/6J, and the EF121 mosaic mouse (Q129-76) that bred the Q129 mice (see Results) was found in the N3 generation. The EF121 mosaic mouse was also crossed with C57BL/6J females. Q129 mice used for analyses of phenotypes and expression profiling were from the N4 or N5 generation, and those used for electrophysiological analysis were from N6 or later generations. Q129 mice were established by in vitro fertilization using male transgenic mice at 12 weeks of age.
Brain slice preparation Q129 transgenic mice or their age-matched non-TG littermates at either 1 to 2 weeks, 4 -5 weeks or 12-15 weeks of age were decapitated under ether anesthesia. Their brains were isolated and were placed in ice-cold artificial cerebrospinal fluid (ACSF) containing NaCl (124 mM), KCl (3 mM), NaH 2 PO 4 (1 mM), MgCl 2 (1.2 mM), CaCl 2 (2.4 mM) and glucose (10 mM), buffered at pH 7.4 with NaHCO 3 (26 mM) and saturated with 95% O 2 and 5% CO 2 . The cerebellar and pallidal slices were cut parasagittally (250 mm thick) as previously described (45, 46) . For the preparation of hippocampal slices (250 and 400 mm thick; used for whole-cell and field recording, respectively), hippocampal formations were dissected free and cut with a tissue slicer.
Field recording
Hippocampal fEPSPs were recorded using glass electrodes (filled with ACSF) placed in the stratum radiatum of area CA1. Field EPSPs were evoked by stimulating the Schaffer collateral/commissural pathway with short current pulses (50 ms duration; 0.033 Hz) using a Teflon-coated bipolar tungsten electrode (Microprobe, Potomac, MD). LTP was induced by either one or four trains of tetanic stimulation (100 pulses/ 100 Hz; intertrain interval, 2 s) and monitored for 4 -5 h after the tetanic stimulation to detect late-phase LTP.
Whole-cell recording
Whole-cell patch-clamp recording was made by infrared differential contrast visualization. For voltage-clamp recording in the GP and hippocampus, patch pipettes (4-6 MV) containing Cs-methanesulfonate (124 mM), KCl (11 mM), MgCl 2 (2 mM), HEPES (10 mM), Na 2 -ATP (4 mM), GTP (0.3 mM), spermine (0.1 mM), QX-314 (5 mM) and 0.5% biocytin (adjusted to 280 mOsm and pH 7.3 with CsOH) were used. For recording from neurons in cerebellar nuclei, patch pipettes (4-6 MV) containing CsCl (30 mM), CsOH (110 mM), EGTA (1.0 mM), HEPES (10 mM), MgCl 2 (4.6 mM), CaCl 2 (0.1 mM), Na 2 -ATP (4 mM) and Na 2 -GTP (0.4 mM) (pH 7.3, adjusted with D-gluconate, 280 Osm, E Cl ¼ 230 mV) were used. For recording from PCs in the cerebellar cortex, patch pipettes (3-5 MV) containing CsCl (60 mM), Cs D-gluconate (10 mM), TEA-Cl (20 mM), BAPTA (20 mM), HEPES (30 mM), MgCl 2 (4 mM), Na 2 -ATP (4 mM) and Na 2 -GTP (0.4 mM) (pH 7.3, adjusted with CsOH, 280 Osm) were used.
Bicuculline methiodide (20 mM) was added to isolate glutamatergic currents. To isolate GABA A receptor-mediated currents, the NMDA receptor antagonist D(2)-2-amino-5-phosphonopentanoic acid (D-AP5, 25 mM) and the AMPA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 mM) were applied to ACSF.
Immunohistochemical analysis
Q129, Q76 and non-TG littermates were anesthetized in ether and perfused with phosphate-buffered saline followed by 4% paraformaldehyde. The brains were removed and immersed in the same fixative for 16 h. Paraffin-embedded, 4-mm-thick sections were prepared and subjected to immunostaining with a rabbit polyclonal antibody against ubiquitin at 1:3200 dilution (Dako, Tokyo, Japan), the mouse monoclonal antibody 1C2 at 1:16 000 dilution (Chemicon, Temecula, CA) and goat polyclonal antibody APG840 at 1:2000 dilution as described previously (10) .
RT -PCR analysis
Total RNAs were extracted from the brains (whole cerebrum and cerebellum). To avoid contamination with genomic DNA, total RNAs were extracted twice using ISOGEN (Nippon Gene, Tokyo, Japan) and converted into cDNA by priming with random hexamers using an Advantage RT-for-PCR Kit (Clontech, Mountain View, CA). PCR was performed in a 50 ml mixture containing 2.5 U AmpliTaq DNA polymerase (Applied Biosystems, Foster City, CA), 10 mM Tris -HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 200 mM dNTP and 5 pmol of each primer with an antisense primer labeled with FAM (5 0 -CTGCCCTGAGACCCCTCAA C-3 0 , 5 0 -FAM-TGGGATGGGAGAGAAGGCTG-3 0 ). After an initial denaturation at 968C for 2 min, PCR was performed for 30 cycles consisting of denaturation at 968C for 45 s, annealing at 608C for 1 min and extension at 728C for 1 min, followed by a final extension at 728C for 10 min. PCR products were quantified by determining the area of the chromatogram using an ABI 310 DNA sequencer and Genescan version 2.1 software (Applied Biosystems).
Western blot analysis
Brain samples from age-matched Q129, Q76 and non-TG littermates at 4, 8 and 12 weeks of age were prepared. From AT-FL-26Q-84 and AT-FL-65Q-150 mice (20) , samples were obtained at 7.5 months of age; these mice were transgenic, expressing full-length DRPLA cDNAs encoding 26 and 65 CAG repeats, respectively. Sample preparation and western blot analysis were performed as described previously (17, 20) . Total homogenates, 20 mg per lane, and nuclear extracts, 30 and 35 mg per lane, were subjected to western blot analysis using the rabbit polyclonal antibody C580 (17) , polyclonal antibody AP142 (18) and 1C2 (Chemicon), respectively.
Expression profiling analysis
Total RNAs were extracted similar to those for the RT -PCR analysis. Brain polyA(þ) RNAs were prepared using an Oligotex-dT30kSuperlmRNA Purification Kit (Takara, Otsu, Japan) and subjected to hybridization using Mu11KsubA and B oligonucleotide arrays (GeneChip) according to the manufacturer's instructions (Affymetrix). Statistical analyses were performed by error-weighted ANOVA using the Rosetta Resolver gene expression data analysis system (Rosetta Biosoftware, Seattle, WA). For determining the number of dysregulated genes at 4 or 12 weeks of age, one-way ANOVA was first applied using intensity data (Time Slice). For post hoc analysis, the dysregulated genes, each of which showed both a significant difference in ratio data and an absolute fold change !1.5, were selected using the Rosetta Resolver (Ratio Experiment). For identifying the genes showing age-dependent changes, two-way ANOVA (variables: animal and time) was first applied. For post hoc analysis, genes showing a significant difference in ratio data at 12 weeks of age were selected using the Ratio Experiment. A P-value of ,0.05 was considered to indicate a statistically significant difference.
